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PUBLIC ABSTRACT
Resorption of the roots of teeth is an undesired but frequent side effect of orthodontic treatment. The minor amount of resorption that is likely to occur early in treatment can be particularly difficult to record. Given that there is a predictability of root resorption after active treatment when the amount of resorption during early treatment stages is considered, it is important to have an accurate method to assess such condition.
With respect to this matter, cone-beam computed tomography (CBCT) seems to be the most reliable imaging in dentistry. Several studies have already aimed to evaluate the performance of CBCT on this topic. However, none have addressed the peculiarities of the most common daily orthodontic scenario. The aim of this study was to evaluate the influence of the CBCT scan mode on the diagnosis of artificial external root resorption in anterior teeth. One hundred extracted human anterior teeth were randomly assigned to 2 groups. A limited area of the root of the teeth of the experimental group was selected and a chemical solution was used to induce tooth subsurface demineralization. Each tooth was placed into an empty socket of a partially edentulous dry human mandible. The CBCT images were obtained using three different protocols, varying the resolution of the scans.
Three oral and maxillofacial radiology residents evaluated the images searching for any evidence of root resorption. The results suggest that a more dedicated, high resolution scan should be acquired when one intends to investigate the early stage of external root resorption during orthodontic treatment. 
viii

TABLE OF CONTENTS
LIST
CHAPTER 1. INTRODUCTION
Root resorption is described as the physiological or pathological dissolution of the mineralized components of radicular dentin and cementum by osteoclastic-type cells (Aziz et al., 2014) . Physiological root resorption affects primary teeth as part of the natural process of tooth exfoliation. Pathological root resorption, on the other hand, most often affects the permanent dentition as a result of injury to the periodontal ligament (Gunraj, 1999) . In both scenarios, the process of resorption of the tooth root is considered similar to bone resorption. However, instead of periosteum, the root surface is surrounded by cementum and periodontal ligament, and instead of osteoclasts, specific periodontal ligament cells (odontoclasts) are responsible for the resorption process.
The literature lists a number of possible causal agents of root resorption emphasizing physical, chemical or biological factors such as trauma, avulsion, replantation, ectopic eruption of an adjacent tooth, apical inflammation or transient forces that can injure the pulp tissue and trigger apical root resorption (e.g. orthodontic movement of teeth). (Lee et al., 2006; Kaku et al., 2014) . According to Consolaro and Furquim (2014) , root resorption during orthodontic therapy depends on the orthodontic technique, tooth and jaw morphologies, and presence of root resorption prior to treatment. The direction of tooth movement and the loading regimen (continuous vs intermittent forces) also appear to have considerable impact in its occurrence (Ballard et al., 2009; Roscoe et al., 2015) .
Root resorption is also classified according to the surface of the root -internal or external -that is being resorbed. This study will focus on the latter. External root resorption is characterized by loss of tooth structure on the outer surface of the root.
Most cases involve the apical and middle thirds of the root (Gunraj, 1999) , but they may begin in the cervical third of the root and extend apically. Usually, external root resorption has a progressive, painless course, and its occurrence is fairly common undesirable side effect during orthodontic treatment that is difficult to predict and repair (Kaku et al., 2014; Lee, Lee, 2016) . A previous study reported a 4.8 times increase in the incidence of external root resorption after orthodontic treatment (from 15% before treatment to 73% after treatment) (Lupi et al., 1996) . The concerned tooth usually remains asymptomatic but may occasionally be slightly mobile, as well as sensitive to percussion. An accurate diagnosis of the extent and location of external root resorption prior to making any treatment decision is crucial to the prognosis of the tooth (Haapasalo, Endal, 2006; Patel et al., 2007; Aziz et al., 2014) . Although external root resorption can be classified as superficial resorption, replacement resorption or inflammatory resorption by its clinical and histopathological features (Gunraj, 1999) , its diagnosis is often made by routine radiographic examination, in which irregular radiolucent areas in different portions of the root may be evident.
The evolution of radiographic techniques has enabled better evaluation and diagnosis of external root resorption. In the past decade, digital sensors have been used to replace conventional radiographic film. Although they are generally considered to reduce the radiation dose to the patient, save time, provide a greater ease of acquisition and storage of the images, and facilitate communication between professionals and patients (Wenzel, Moystad, 2010) , there is no consensus on the accuracy of digital radiography in the diagnosis of external root resorption lesions. In fact, there are reports showing that some digital systems may actually have lower accuracy than with film-based systems (Kamburoglu et al., 2008) .
External root resorption might be underestimated when evaluated with only periapical radiographs (Estrela et al., 2009) . Evaluation of these lesions in three dimensions would greatly facilitate the differential interpretation and help in determining the actual location, size and possible complications (Gartner et al., 1976) . Cone beam computed tomography (CBCT) has become the method of choice in dentistry when there is a need for three-dimensional evaluation. Its application has been emphasized in specific clinical situations, including the assessment of root resorption (Tyndall, Rathore, 2008) . Dental, Biberach, Germany) and periapical images of those teeth were evaluated by two orthodontic residents. The rates of correct classification of all simulated external root resorption defects with CBCT and periapical radiography were 80.9% and 71.3%, respectively, and were considered highly significant different (p < 0.001). It was concluded that CBCT was reliable in detecting external root resorption, whereas periapical radiography underestimated it. However, if a periapical radiograph is already available for the diagnosis of external root resorption, the authors advise using extreme caution when deciding to use CBCT to avoid additional radiation exposure. Shokri et al. (2013) 
CHAPTER 2. STATEMENT OF CLINICAL RELEVANCE, HYPOTHESIS AND SPECIFIC AIMS
This research was based on a study design that more closely simulates the actual clinical conditions of external root resorption lesions. To date, the majority of the published in vitro CBCT studies have made use of round burs for the simulation of such injuries, creating extremely sharp and regular cavities. In this research, a demineralizing solution already established for caries lesion simulations and previously tested in a pilot study was used to simulate small, irregular lesions that more closely resemble real external root resorption lesions.
It is known that factors such as voxel size and scan mode (number of basis images)
influence the quality and the diagnostic capability of the tomographic image, as they are directly related to the spatial resolution of images (Kamburoglu, Kursun, 2010; Liedke et al., 2009; Lennon et al., 2011) . Small voxel sizes and a larger number of basis images generate diagnostic images with better resolution and detail. However, the radiation dose to the patient is closely related to these factors: the smaller the voxel and/or greater number of basis images, the higher the radiation dose (Farman, Scarfe 2006) . Therefore, the ideal imaging protocol would be a balance of the best resolution achievable with the minimum radiation exposure, considering what needs to be investigated.
In general, aiming to keep the patient exposure to a minimum, CBCT scans are performed not using the maximum resolution available. Considering that external root resorption lesions are most likely to be diagnosed in routine imaging exams, and knowing that accurate diagnosis is crucial for the choice of treatment (if any), this study proposes to simulate routine clinical conditions for the detection of external root resorption.
The aim of the study is to evaluate the influence of the CBCT scan mode in the diagnosis of simulated external root resorption in the apical third of anterior teeth. The null hypothesis is that there is no difference in accuracy among the scan mode options evaluated in this study.
CHAPTER 3. MATERIALS AND METHODS
The study protocol was reviewed and approved by the Institutional Review Boards of the University of Iowa (protocol 201501819) and the University of Campinas School of Dentistry, Brazil (protocol 137/2012).
Selection criteria and sample preparation
One hundred extracted human anterior teeth were included in the study. The reason for extraction, age and sex of the individuals who donated the sample were unknown. To be included in the sample, all teeth were previously inspected for the absence of major root anomalies, including external root resorption. After disinfection with 2% glutaraldehyde, all teeth were kept in saline solution, numbered and then randomly assigned to 2 uneven groups (51 teeth assigned as the control and 49 teeth as the experimental group). A limited area of the apical third of the root of the teeth of the experimental group (Figure 1 ) was selected as follows: (1) the crown portion of each tooth was embedded in a rectangular block of utility wax to keep the teeth in a stable vertical position; (2) a belt hole puncher was used to create standardized 3 mm diameter disks from a colored vinyl tape; (3) each disk of tape was placed on the lingual surface of the apical third of the root of the teeth; (4) the roots were coated with two layers of a fastdrying acid-resistant varnish; (5) the utility wax was removed and the crowns were also coated with two layers of varnish; and (6) the tape disk was removed, exposing the uncoated surface of the roots that later would interact with the demineralizing solution. Belt hole puncher used to standardize the 3 mm diameter disk for the selection of the surface to be exposed; (C) Disk in place on the selected surface to create the circular window; (D) The tooth coated with a fast-drying acid-resistant varnish and the tape removed to expose the surface of the root that will be demineralized. phosphate (NaH2PO4·H2O) and 0.45 ml of 100 ppm fluoride standard solution were added to 4.29 ml of concentrated acetic acid, resulting in a homogeneous mixture. To attain a final volume of 1500 ml, distilled and deionized water was added, and the pH was then set at 4.8. Approximately 1 g of thymol crystals was also added to avoid fungal growth.
Demineralizing induction
Phosphorus and calcium concentrations were determined in samples of the demineralizing solution to exclude possible errors resulting from inadequate formulation.
According to previous studies, the ratio recommended for use is 2 ml of demineralizing solution to 1 mm 2 of exposed surface. Since the exposed root area was approximately 7 mm 2 , the experimental specimens were kept individually in small plastic containers, immersed in 14 ml of the demineralizing solution and incubated at 37 °C for 21 days. The teeth of the experimental group were placed into new containers every seventh day after immersion to avoid supersaturation of the demineralizing solution, resulting from constant ionic exchanges occurring between the tooth and the fluid. If supersaturation occurs, demineralization does not progress, as the kinetics of ionic exchange decelerate.
The specimens in the control group were individually kept in plastic containers, and exposed to a pellet of cotton moistened with distilled and deionized water at 37 °C for 21
days. The specimens were kept such that the roots were not in direct contact with the moistened pellet, thus avoiding ionic exchanges while maintaining under humid conditions.
Pilot study
Ten teeth were additionally selected for the pilot study. They were prepared exactly as described above, i.e. coated with a fast-drying acid-resistant varnish and leaving only a The concentrations of calcium in the demineralizing solutions of each individual container were obtained prior to and after the demineralizing cycles, and were used as the gold standard. Subsequently, the average concentrations for the groups, after the exchange of the solutions, were calculated. The calcium concentration in demineralizing solutions was determined by atomic absorption spectrophotometry. In this process, the constituents of the sample are decomposed and converted to atomic particles, used for suppressing interference lanthanum phosphate. These measurements were performed on a Varian's SpectrAA 50 atomic absorption spectrophotometer (Agilent Technologies, Santa Clara, CA) set up to measure the light absorption at a wavelength of 422.7 nm, previously calibrated with standards from 0.2 to 2 ppm of calcium. It was found that the mineral concentrations were on average 4 times greater than the concentration of minerals in the freshly prepared, unused, demineralizing solution (Table 1) . This increase in minerals in the demineralizing solution is considered proof of the dissolution of the dental substrate and subsequent mineral loss.
Image acquisition
Before CBCT image acquisition, each tooth was coated with an approximately 0.3 mm thick layer of utility wax to simulate the radiographic appearance of the periodontal space and placed in an empty mandibular anterior socket of a partially edentulous dry human mandible (age and sex unknown). All teeth were placed with their buccal surfaces 
Image evaluation
The 300 resultant CBCT DICOM volumes (100 teeth x 3 scan modes) were imported into InVivo software (InVivo5, Anatomage, San Jose, CA) for evaluation. The images were coded and shown in a random order under dim-light conditions. Three blinded, previously calibrated observers (oral and maxillofacial radiology residents) performed the evaluation of the images on a high-resolution LCD monitor (MDRC-2124; Barco Inc., Duluth, GA) with a matrix resolution of 1920 × 1200. The calibration consisted of the identification of root resorption in CBCT datasets that did not belong to the study, after providing instructions about CBCT image interpretation and usage of the software. The observers were told to evaluate the presence or absence of root resorption in all teeth included in the volume.
However, they were unaware of the 49/51 +/-probability of root resorption being present. This uneven probability was chosen to avoid the assumption of equality, common in in vitro studies. The evaluation was made by performing the realignment of the tooth long axis parallel to the sagittal plane followed by a dynamic reading of all orthogonal multiplanar slices (axial, coronal and sagittal). Adjustment of brightness (leveling), contrast (windowing) and zoom (magnification) were allowed, but task-specific filters were not permitted. The observer's evaluation was scored using a five-point confidence rating scale as follows: (1) resorption definitely not present, (2) resorption probably not present, (3) uncertain whether or not resorption is present, (4) resorption probably present, and (5) resorption definitely present. A second observation was repeated in 1/3 of the sample after a 15-day interval for intra-and interobserver agreement evaluation.
Statistical analysis
Cohen's kappa was used to calculate observers' agreement and interpreted as poor (Landis, Koch, 1977) . The diagnostic values of sensitivity (Sn), specificity (Sp) and accuracy (Ac) were performed by pooling observer responses for every image modality. The diagnostic ability of the image protocols was also assessed by receiver operating characteristic (ROC) analysis; the area under the ROC curve (AUC) from each ROC curve was calculated. The Sn, Sp and Ac values were compared using the Cochran's Q test. The AUC values were compared using the Mann-Whitney U test, as suggested by DeLong et al. (1988) . Data analysis was performed using MedCalc (v.
15.11.4; MedCalc Software bvba, Ostend, Belgium). The level of significance was set at p < 0.05.
CHAPTER 4. RESULTS
The intra-observer agreement (Kappa) ranged from 0.63 to 0.71 (0.07 standard error), which was interpreted as a substantial agreement. Figure 4 shows facial-lingual slices of the resultant scans made on the same tooth in each of the studied protocols. Table 2 
CHAPTER 5. DISCUSSION
Root resorption is an undesired but frequent side effect of orthodontic treatment (Sawicka et al., 2014; Roscoe et al., 2015) . It is believed that tensile forces to the pulp cells through the apical foramen by orthodontic treatment enhance the expression of various inflammatory cytokines and osteoclast-inducing factors (e.g. RANKL, M-CSF, interleukin-1 β, and tumor necrosis factor alpha TNF-α), which may lead to inflammatory external root resorption during tooth movement (Kaku et al., 2014) . In this case, teeth are usually asymptomatic and their pulpal vitality and normal function are unaffected, unless there is a disruption of the blood supply because the pressure of the orthodontic treatment is extremely high. In that case the treatment should be halted (Aziz et al., 2014; Lee, Lee, 2016) .
Radiographically, orthodontic-related external root resorption is located in the apical third of the root and no sign of radiolucency can be observed in the bone (Aziz et al., 2014) . The minor amount of resorption that is likely to occur early in treatment can be particularly difficult to record. Given that there is a predictability of apical root resorption after active treatment when the amount of resorption during early treatment stages is considered (Artun et al., 2009) , it is important to have an accurate method to assess this condition. With respect to this, CBCT seems to be the most reliable and relatively accessible advanced imaging in dentistry. CBCT scans are traditionally described as a collection of single exposures made at certain degree intervals (basis images) during a single complete circular trajectory. It is known that more projection data provide more information to reconstruct the image, allowing for greater spatial and contrast resolution and increased signal-to-noise ratio, thus producing smoother images and reducing artifacts (Scarfe, Farman, 2008) . However, with higher degrees of rotation comes greater patient exposure to radiation, the necessity of a longer scan time, and a longer reconstruction time (Scarfe, Farman, 2008; Durack et al., 2010) . Some scanners, aiming to reduce the scan time and radiation exposure, allow reducing the completeness of the scanning trajectory while still allowing reconstruction of a volumetric data set. Images produced by this method may have greater noise and suffer from reconstruction interpolation artifacts (Scarfe, Farman, 2008) Overall, our results showed that there were statistically significant differences in sensitivity, accuracy and area under the ROC curve among the studied groups. As one could expect, the smallest voxel size had a better performance in identifying the presence of the artificially created lesions (table 2 and figure 4). On the other hand, the identification of the sound roots of the control group (i.e specificity) had an inverted pattern. The group that used the largest voxel size with the smaller number of basis images (0.4 mm and half scan) presented the highest specificity value and was statistically significantly different from the group with same voxel size but more basis images (0.4 mm full scan). This might be caused by an association of factors. First, the apical third of the root typically imposes the greatest difficulties to the diagnosis of resorption due to the peculiar features of its morphology, such as narrowing of the root, reduced area and different orientations (da Silveira et al., 2007; Lermen et al., 2010; Creanga et al., 2015) .
Besides that, given that the image quality is jeopardized by decreasing the number of the basis images available, the observers might have tried to compensate for the poorer quality of the scans by avoiding false positive interpretations.
The selection of voxel size indirectly influences the radiation exposure because the decreased signal-to-noise ratio that would be generated in smaller voxels is compensated for by increasing the mAs values to obtain more projections (basis images) for reconstruction to keep noise relatively constant (Brullmann, Schulze, 2015; Pauwels et al., 2015) . For that reason, CBCT scans with high resolution (0.2 mm or smaller voxel size) should only be requested when there is a need to visualize small details and delicate structures (Garib et al., 2014) . In Orthodontics, the majority of the clinical needs can be assessed with a lower spatial resolution, which also helps to minimize patient exposure (Farman, Scarfe 2006) . In fact, the common sense voxel size is 0.4 mm (Sun et al., 2011) .
The present study investigated if this voxel size would be sufficient for an accurate detection of small, early stage external root resorption. Unfortunately, a smaller voxel size seems to be necessary for that. The accuracy of the protocols that used 0.4 mm voxel size (protocols I and II; 64 % and 62.33 % respectively) was significantly lower than the accuracy of the 0.125 mm protocol (80.67 %, p < 0.001). Table 3 puts our results in context relative to the literature. In comparison to other studies, ours seems to diverge from the average. However, this could be explained by several differences in the methodology. As previously mentioned, the present study used a demineralizing solution that simulated small irregular lesions that more closely resemble real external root resorption lesions, as shown on the micro-CT images acquired during the pilot essay (figure 2). All the studies on CBCT published in the English language literature are either in vivo or had mechanically drilled cavities to simulate external root resorption. The major issue of the in vivo studies available is that those did not consider the occurrence of false negative results given that the root surfaces could not be visually examined, and thus they could not rule out the presence of external root resorption that might not be detected by the imaging method under investigation (Durack et al., 2010) .
In the case of the in vitro studies, the mechanically created, hemispherical cavities, although standardized, do not accurately reproduce the clinical morphology of external root resorptions, which are irregular in shape. (Patel et al., 2009; Durack et al., 2010; Neves et al., 2012a) . Even though the diameter of their simulated lesions was noticeably smaller than ours, we believe that the sharper margins of the drilled cavities helped produce their overall better results. Moreover, the present study evaluated the most common voxel size used in Orthodontics (0.4mm) and compared it with the performance of the smallest voxel available on the scanner used for the study (0.125mm). The majority of the previous studies, on the other hand, used only small or intermediary voxels, which may contribute to their better diagnostic performance values but do not simulate the usual clinical situation. In some cases of external root resorption, the process may be halted if the stimulus is removed or if the root surface is repaired (da Silveira et al., 2007) . Root canal treatment may be an effective preventive measure that can arrest the progression of severe apical external root resorption during tooth movement (Bender et al., 1997; Kaku et al., 2014) . The sooner the treatment is initiated, the less severe the long-term consequences of resorption will be. Therefore, an early diagnosis is a critical factor in treatment success (da Silveira et al., 2007 (Kamburoglu et al., 2011) . Moreover, in clinical situations one has the opportunity to associate the radiographic findings with clinical signs and symptoms, results of pulp testing, and findings on other radiographic imaging (Durack et al., 2010) .
Diagnostic tests may also be affected by observer experience and performance, viewing conditions, hardware and software specifications (Kamburoglu et al., 2011) , and the absence of the nuances of human soft tissue attenuation artifacts.
CHAPTER 6. CONCLUSION
Based on our results, the null hypothesis that there is no difference in accuracy among the scan mode options evaluated in this study needs to be rejected. Although there was no difference between the degrees of rotation (half and full scan) within the same voxel size (0.4mm), there was a considerable difference between those and the smallest voxel size (0.125mm), suggesting that a more dedicated, high resolution scan should be acquired when one intends to investigate the early stage of external root resorption during orthodontic treatment.
